The lactose permease (LacY) of Escherichia coli, a paradigm for the major facilitator superfamily, catalyzes the coupled stoichiometric translocation of a galactopyranoside and an H + across the cytoplasmic membrane. To catalyze transport, LacY undergoes large conformational changes that allow alternating access of sugarand H + -binding sites to either side of the membrane. Despite strong evidence for an alternating access mechanism, it remains unclear how H + -and sugar-binding trigger the cascade of interactions leading to alternating conformational states. Here we used dynamic single-molecule force spectroscopy to investigate how substrate binding induces this phenomenon. Galactoside binding strongly modifies kinetic, energetic, and mechanical properties of the N-terminal 6-helix bundle of LacY, whereas the C-terminal 6-helix bundle remains largely unaffected. Within the N-terminal 6-helix bundle, the properties of helix V, which contains residues critical for sugar binding, change most radically. Particularly, secondary structures forming the N-terminal domain exhibit mechanically brittle properties in the unbound state, but highly flexible conformations in the substrate-bound state with significantly increased lifetimes and energetic stability. Thus, sugar binding tunes the properties of the N-terminal domain to initiate galactoside/H + symport. In contrast to wild-type LacY, the properties of the conformationally restricted mutant Cys154➝Gly do not change upon sugar binding. It is also observed that the single mutation of Cys154➝Gly alters intramolecular interactions so that individual transmembrane helices manifest different properties. The results support a working model of LacY in which substrate binding induces alternating conformational states and provides insight into their specific kinetic, energetic, and mechanical properties.
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atomic force microscopy | membrane | transport protein | membrane protein structure | membrane protein folding | membrane transport T he lactose permease of Escherichia coli (LacY) of the major facilitator superfamily (MFS) (1, 2) catalyzes the coupled stoichiometric translocation of a galactopyranoside and an H + (sugar/H + symport) (3) (4) (5) (6) . Uphill (i.e., active) symport of galactoside against a concentration gradient is achieved by transduction of free energy released from the downhill movement of H + with the electrochemical H + gradient (Δμ H + ; interior negative and/or alkaline). Conversely, because coupling between sugar and H + is obligatory, downhill galactoside transport from a high to a low sugar concentration is coupled to uphill H + transport with the generation of Δμ H +, the polarity of which depends upon the direction of the sugar concentration gradient (7) (8) (9) (10) .
LacY monomers reconstituted into proteoliposomes are functional (11, 12) , and X-ray crystal structures reveal 12, mostly irregular, transmembrane α-helices organized into two pseudosymmetrical 6-helix bundles surrounding a large interior hydrophilic cavity open to the cytoplasm (13) (14) (15) (16) . At the apex of the hydrophilic cavity, which is at the approximate middle of the molecule, the galactoside-and H + -binding sites are located. Side chains important for sugar recognition are located in both the N-and the C-terminal 6-helix bundles, whereas those involved in H + binding are largely in the C-terminal 6-helix bundle. Most X-ray structures obtained thus far exhibit a tightly sealed periplasmic side with the sugar-binding site at the apex of the cavity and inaccessible from the periplasm and an open cytoplasmic side (an inward-facing conformation). LacY is structurally highly dynamic, and binding of a galactoside closes the deep inward-facing cavity with opening of a complementary outward-facing cavity (reviewed in refs. 17, 18) . Therefore, transport involves a large conformational change that allows alternating access of sugar-and H + -binding sites to either side of the cellular membrane, and a recent structure indicates that an occluded intermediate is involved (19) . Although structural models of LacY provide insight into the conformational states involved in transport, a crystal structure represents a static structural snapshot, and therefore an understanding of how sugar binding triggers the cascade of events that results in dynamic alternating access remains unclear. Furthermore, because these interactions alter the physical properties of LacY (reviewed in ref. 9 ), the energetic, kinetic, and mechanical properties of LacY that fulfill different functional roles during transport remain to be characterized.
Atomic force microscopy (AFM)-based single-molecule force spectroscopy (SMFS) has been applied to localize and quantify interactions that stabilize structural elements of an increasing number of native membrane proteins (20) (21) (22) (23) (24) (25) . Because SMFS can be used with membrane proteins embedded in native or synthetic lipid membranes under physiological conditions, the method has been used to assess interactions that change upon substrate binding, insertion of mutations, and assembly or lipid composition of the membrane (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) . Moreover, when operated in the dynamic mode, dynamic single-molecule force spectroscopy (DFS) localizes and quantifies the kinetic, energetic, and mechanical properties of the structural elements in a membrane protein in a physiologically relevant environment (20, 21) .
LacY binds galactopyranosides, and 4-nitrophenyl-α-Dgalactopyranoside (αNPG) is among the lactose analogs with highest affinity (∼30 μM) (36) . In the absence of substrate, LacY preferentially occupies an inward-facing open conformation, and substrate binding causes closing of the inward-facing cavity with opening of a reciprocal outward-facing cavity (reviewed in refs. 17, 18) with an occluded intermediate conformation (19) . To understand the structural perturbations and properties associated with these conformations, we describe here the conformational, kinetic, energetic, and mechanical properties of LacY in the apo state and how these properties change upon substrate binding. SMFS and DFS are used to characterize the properties of individual structural segments of LacY and to describe how these regions change properties upon galactoside binding. To understand further how a single point mutation alters LacY, the conformationally restricted LacY mutant C154G (37) , which crystallized originally (13), was also investigated. All measurements were conducted with wild-type (WT) or mutant C154G LacY embedded in a phospholipid membrane under physiological conditions. The findings quantify the structural properties of WT LacY, which change drastically upon sugar binding. In contrast, the structural properties of mutant C154G LacY remain largely unaffected by ligand binding.
Results
SMFS of WT LacY. WT LacY was expressed, purified by metalaffinity chromatography (SI Appendix, Fig. S1A ), and reconstituted into 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE):1-palmitoyl-2-oleoyl-sn-glycero-3[phospho-rac-(1-glycerol) (POPG) (3:1, mol:mol) liposomes (38) . Successful reconstitution was confirmed by AFM imaging (SI Appendix, Fig. S1 B and C). To conduct SMFS, we first localized proteoliposomes containing WT LacY by AFM and then pushed the AFM stylus onto the membrane with a force of ∼1 nN for 0.5-1 s to attach the terminal polypeptides of LacY (Materials and Methods). Withdrawal of the AFM stylus mechanically stresses the polypeptide (Fig. 1A) and induces unfolding of LacY (21) . Force-distance (FD) curves recorded upon withdrawal exhibit highly reproducible patterns (Fig. 1B) . Theoretically, it is possible to mechanically pull and unfold LacY from either the N-or C-terminal end. To assign from which terminal the FD curves were recorded, we compared FD curves recorded from WT LacY with only a 6-His-tag C-terminal extension to those from WT LacY carrying a 36-amino-acid (aa) unstructured C-terminal "polyGly" extension [GSM(G 11 ) EAVEEAVEEA(G 11 )S] followed by an 8-aa-long His-tag (SI Appendix, Fig. S1A ; hereafter referred to as WT). Such sizable extensions of the C terminus do not influence the transport activity of LacY (39) . FD curves recorded for polyGly WT LacY show the same unfolding force peak pattern as recorded for LacY with a His 6 -tag except that the characteristic force peak pattern observed for polyGly WT LacY is shifted to ∼40-aa-longer contour lengths (SI Appendix, Fig. S2 ). Therefore, WT LacY attaches predominantly to the AFM stylus via the C-terminal end. In addition, the initial force peaks detected at small distances between the AFM stylus and the membrane (0-15 nm) are masked by noise in the FD spectra of LacY with a His 6 -tag, but clearly observed in the polyGly-tailed WT LacY. Furthermore, the elongated C-terminal end significantly increases the probability of attaching LacY to the AFM stylus from 0.01 to 0.1% (n = 2,974). Thus, WT LacY with the C-terminal extension is better suited for characterization by SMFS.
Having shown that LacY preferably attaches to the AFM stylus by the C-terminal end, ∼1.4 × 10 6 FD curves were recorded to quantify the interactions of WT LacY from which ∼0.1% showed a single LacY adhering to the AFM stylus ( Fig. 2A and SI Appendix, Fig. S3 ). Superimposition of these FD curves recorded for WT LacY yields highly reproducible force peak patterns. These patterns can be interpreted as follows (20, 21) : the retracting AFM cantilever stretches the C-terminal end and exerts a mechanical force on the protein. At sufficiently high force, the structural segment anchoring the C-terminal end unfolds, and the AFM cantilever relaxes. Further separation of the AFM stylus from the proteoliposome stretches the previously unfolded polypeptide until the next structural segment of LacY is released with a measured force. Each force peak in an FD curve ( Fig. 2A) records the unfolding of a structural segment and detects the transition from one unfolding intermediate to the next. Accordingly, LacY unfolds step-by-step from the phospholipid bilayer via several highly reproducible unfolding intermediates. The magnitude of each force peak quantifies the strength of the interactions stabilizing the structural segment that unfolds when transiting from one unfolding intermediate to the next. It is also notable from previous SMFS experiments (20, 21, 40) and full atomistic molecular dynamics simulations (41) (42) (43) that similar FD patterns are observed when membrane proteins are mechanically pulled from either terminal, thereby indicating that the remaining intramembranous secondary structure elements remain arranged until they are removed in segments from the bilayer.
Structural Segments in the Absence and the Presence of Substrate.
FD curves recorded upon unfolding WT LacY in the absence or presence of substrate (1 mM αNPG) reveal 10 characteristic force peaks (Fig. 2) . Each force peak from each FD curve was Upon pushing the AFM stylus onto the proteoliposome, the stylus adheres nonspecifically to the terminal end of the transporter. Withdrawal of the cantilever increases the distance D between the AFM stylus and the membrane. Consequently, the terminal end tethering the stylus stretches and a mechanical force, F, is applied to the transporter. Upon further withdrawal of the AFM stylus, the transporter begins to unfold stepwise. During this process, the FD curve is recorded. (B) Typical FD curves corresponding to mechanical unfolding of WT LacY from the C-terminal end. To increase the probability of attaching the C-terminal end to the AFM stylus, the C terminus of LacY was extended by 36 aa (polyGly) plus a His 8 -tag (SI Appendix, Fig. S1 ). Although every FD curve shows unique features, all curves share common force peaks at specific stylus-sample distances. SMFS was performed in 50 mM KP i (pH 7.2) at 25°C. The cartoon in A shows the LacY structure (PDB ID code 1PV7) (13) prepared using visual molecular dynamics.
fitted using the worm-like-chain (WLC) model to reveal the contour length (in aa) of the unfolded, stretched LacY polypeptide (25, 44) . Histograms showing the contour length at which the force peaks reproducibly occurred were generated ( Fig. 2 C and D) . To determine the mean contour lengths of the characteristic force peaks, all peaks from each histogram were simultaneously fitted using a Gaussian mixture model (35) . The 10 characteristic force peaks recorded upon unfolding WT LacY from the elongated C-terminal end occur at mean contour lengths of 47, 64, 85, 120, 175, 204, 270, 316, 338 , and 404 aa (Fig. 2C) . The position of unfolding force peaks recorded for WT LacY in the presence and absence of αNPG were the same ( Fig. 2 C and D) within the experimental error.
The mean contour lengths obtained from the force peak histograms were used to localize the interactions that stabilize structural segments of WT LacY (Fig. 3) . The first force peak in an FD spectrum represents the unfolding of a structural segment and localizes the beginning of that unit. The subsequent force peaks localize the end of the previous stable segment and the beginning of the next stable segment. The mean contour lengths of the unfolding force peaks obtained from the force peak histogram (Fig. 2C ) were used to determine the beginnings and ends of each structural unit in the secondary structure model obtained by linearizing the X-ray crystal structure (Fig. 3) . To localize structural segments, counting begins from the C-terminal end from which LacY was unfolded (i.e., mirror image of the pulling distance/contour length shown in Fig. 2) . To obtain location precisely, the length of C-terminal extension must be taken into account.
The structural segments of WT LacY read as following ( Fig.  3) : The first force peak at 47 aa represents structural segment S1 (red) established by the C terminus; the second force peak at 64 aa represents structural segment S2 (dark blue) established by the short periplasmic loop P6 and helix XII; force peak at 85 aa represents structural segment S3 (purple) established by helix XI; force peak at 120 aa represents structural segment S4 (magenta) established by loop C5, helix X, loop P5, and helix IX; force peak at 175 aa represents structural segment S5 (light blue) established by loop C4, helix VIII, and loop P4; force peak at 204 aa represents structural segment S6 (brown) established by the C-terminal half of loop C3 and helix VII; force peak at 270 aa represents structural segment S7 (dark green) established by the N-terminal half of loop C3, helix VI, loop P3, and periplasmic half of helix V; force peak at 316 aa represents structural segment S8 (yellow) established by the cytoplasmic half of helix IV, loop C2, and the cytoplasmic end of helix V; force peak at 338 aa represents structural segment S9 (violet) of the cytoplasmic end of helix II, loop C1, helix III, loop P2, and the periplasmic half of helix IV; and force peak at 404 aa represents structural segment S10 (pale green) of the N terminus, helix I, loop P1, and the periplasmic half of helix II. Because the unfolding force peaks of WT LacY are observed at the same positions in the absence and the presence of substrate (Fig. 2) , it is apparent that substrate binding does not alter the structural segments (Fig. 3) .
Energetic, Kinetic, and Mechanical Properties in the Absence and the Presence of Substrate. To further quantify the changes in WT LacY induced by substrate binding, DFS studies were carried out in the absence and presence of αNPG. DFS allows characterization of the unfolding free-energy landscape of each structural segment in LacY (Fig. 4) (21) . Therefore, the kinetic, energetic, and mechanical property of each structural segment was quantified. For DFS, WT LacY was unfolded at six different pulling velocities (500, 700, 1,000, 3,000, 4,500, and 6,000 nm/s) Fig. 2 . Unfolding force peak patterns of WT LacY. Density plots of superimposed FD curves corresponding to the predominant force peak classes obtained upon mechanically unfolding WT LacY in the absence (A) and the presence (B) of αNPG. Colored curves represent WLC curves corresponding to the mean contour length of each force peak. Histograms of force peaks detected for WT LacY in the absence (C) and presence (D) of αNPG. Each probability density histogram was compiled after fitting every peak in every single FD curve using the WLC model. Colored Gaussian distributions give the mean contour length of each force peak class as obtained from fitting the histograms using the Gaussian mixture model. For each histogram, 10 force peak classes are determined. Each force peak class represents a weighted Gaussian model component highlighted by a unique color. Sums of weighted contour lengths for all force peaks (full mixture models) are shown by black solid lines (C and D). Dashed lines (C and D) represent the uniform baseline noise determined from SI Appendix, Eq. 2. The numbers at the top of each WLC curve and histogram peak represent the mean contour length in amino acids ±SD. Data from six pulling speeds (500, 700, 1,000, 3,000, 4,500, and 6,000 nm/s) are pooled (SI Appendix, Fig. S3) . n is the number of FD curves superimposed (A and B) and analyzed (C and D). Experiments were performed in 50 mM of KP i (pH 7.2) with or without 1 mM αNPG. (13)] mapped with the 10 structural segments S1-S10. Each mean contour length of a force peak class of the force peak histograms (Fig. 2C) assigns the beginning of a structural segment (arrows pointing to aa). Black numbers at arrows indicate the mean contour lengths of a force peak class (in aa), numbers in square brackets indicate the aa position counted from the C-terminal end, and numbers in parentheses indicate the aa position from the N-terminal end. Each of these numbers assigns the end of the previous and the beginning of a new structural segment. To obtain their location, the length of polyGly linker and His-tag is taken into account. If the beginning/end of a stabilizing structural segment locates on the mica-facing side of the membrane or within the membrane, the thickness of the membrane is considered (69) . Transmembrane helices are labeled I-XII; the middle cytoplasmic loop is labeled C3; N terminus, NT; C terminus, CT; and the unstructured C-terminal polyGly extension [GSM(G 11 )EAVEEAVEEA(G 11 (SI Appendix, Fig. S3 ). For each pulling velocity, the mean unfolding force of each reproducible force peak was analyzed over its contour length (SI Appendix, Figs. S4 and S5), and the mean unfolding forces were plotted over the loading rate (e.g., force applied over time) (SI Appendix, Fig. S6 ). Each DFS plot shows log-linear relationships between the unfolding force and the logarithmic loading rate, suggesting a two-state unfolding process by which a folded structural segment overcomes a single free-energy barrier toward unfolding ( Fig. 4 ) (45-47). Linear regression was used for fitting the DFS plots, and the error propagation of the uncertainties was computed using Monte Carlo simulations (SI Appendix, Fig. S6 ) (35) . This approach has the advantage of correctly accounting for nonlinearities and correlations among measurement errors. Fitting the DFS data to the Bell-Evans model (SI Appendix, Eq. 3) approximates the equilibrium unfolding rate k 0 in the absence of applied force and the distance separating the folded from the transition state x u . The reciprocal of the unfolding rate k 0 describes the lifetime of a structural segment, whereas x u approximates the width of the energy valley hosting the folded state. The number of conformational substates (i.e., conformational variability) hosted by an energy valley depends on this width. Hence, a structural segment characterized by a small x u shows lower conformational variability than one having a larger x u . Furthermore, using k 0 and x u , the height of the unfolding free-energy barrier ΔG stabilizing a structural segment and the spring constant κ describing the mechanical rigidity of a structure were calculated (SI Appendix, Eqs. 4 and 5). These parameters were determined for every structural segment of WT LacY in the absence and presence of substrate and structurally mapped ( Fig. 5 and SI Appendix, Table S1 ).
Transition-State Distances of Structural Segments. In the sugar-free state, the structural segments of WT LacY exhibit transitionstate distances x u ranging from 0.25 to 0.41 nm ( Fig. 5 and SI Appendix, Table S1 ). Upon substrate binding to WT LacY, the x u values of all structural segments significantly increase except for S1 formed by the C terminus and S2 by the transmembrane helix XII. The transition-state distance x u of all other structural segments of WT LacY range from 0.48 to 1.24 nm, showing a 1.9-to 4.3-fold increase (Fig. 5 ). The highest increase in x u upon substrate binding is found for structural segments S7, S8, S9, and S10 of the N-terminal domain and segment S6 of the C-terminal domain.
Lifetime of Structural Segments. The structural segments of the sugar-free state show transition rates k 0 ranging from 0.12 to 6.13 s −1 ( Fig. 5 and SI Appendix, Table S1 ). A marked reduction of transition rates occurs upon substrate binding to WT LacY. Although every structural segment of WT LacY shows reduced transition rates upon substrate binding, all structural segments of the N-terminal domain (S7, S8, S9, and S10) and one segment (S6) of the C-terminal domain exhibit reduced transition rates to values of <0.01 s −1
. Consequently, these structural segments show the greatest increase in lifetime, changing several orders of magnitude.
Free Energy Barrier Heights of Structural Segments. Free energy barriers with ΔG ranging from 19 to 23 k B T ( Fig. 5 and SI Appendix, Table S1 ) flank the structural segments in the sugar-free state of WT LacY. Upon substrate binding, the structural segments significantly increase the magnitude of the free-energy barriers, which now range from 23 to 38 k B T. This rather drastic free-energy increase is observed for all structural segments of the N-terminal domain (S7, S8, S9, and S10) and for some of the C-terminal domain (S3, S4, S5, and S6). However, the increase Fig. 4 . Unfolding free-energy barrier characterizing the energetic (ΔG) and kinetic parameters (x u , k 0 ) of the structural segments in LacY. According to the Bell-Evans model, a folded structure can be characterized by a two-state model (45, 47, 70) . In the two-state model, the native folded state is stabilized by an energy valley and is separated from the unfolded state by a freeenergy barrier. To induce unfolding of a stable structure segment, the transition state of the free-energy barrier has to be overcome. x u is the distance between folded and transition state, k 0 the transition rate to cross the energy barrier in absence of an externally applied force (i.e., at thermal equilibrium), and ΔG the activation free energy needed to overcome the unfolding free-energy barrier. An externally applied force, F, changes the thermal likelihood of reaching the transition state of the unfolding freeenergy barrier. The energy projection along the reaction coordinate (pulling direction of the externally applied force) is tilted by the applied mechanical energy −F(cosΘ)x (red dashed line). "Θ" gives the angle between externally applied force and reaction coordinate. The tilt induced by the externally applied force decreases the free-energy barrier height (red curve) and increases the probability to overcome the transition state toward unfolding the structural segment. Table S1 . Differences between bound and unbound states are considered significant and highlighted by stars when P values approach <0.05 from the analysis of covariance (ANCOVA) test (Materials and Methods). Error bars represent SDs.
of the free-energy barrier heights in the N-terminal segments is much more pronounced (ΔΔG ∼ 10-18 k B T) compared with the segments of the C-terminal domain (ΔΔG ∼ 3-8 k B T). Among these changes, the largest increase of the free-energy barrier from ∼20-21 k B T to ∼38 k B T was observed for the structural segments S7 and S8, which share transmembrane helix V (Figs. 3 and 5).
Mechanical Properties of Structural Segments. The spring constant κ approximates the mechanical flexibility of a structural segment (21) . In the absence of substrate, the structural segments of the WT display spring constants ranging from 1.10 to 2.57 N/m, with the average being 1.92 N/m (Fig. 5 and SI Appendix, Table S1 ). The mechanical properties of the WT change markedly upon substrate binding with the average spring constant of all structural segments decreasing by 77% to 0.64 N/m. This mechanical softening of WT LacY is most evident for the structural segments of the N-terminal domain. Among these the structural segments S7 and S8 containing transmembrane helix V increase flexibility by a factor of 6.5 and 9.5, respectively. In comparison, the structural segments S3, S4, and S5 of the C-terminal domain mechanically soften by a factor of ∼3.2, whereas structural segment S6 softens by a factor of 7.5. Thus, upon substrate binding, the C-terminal domain of WT LacY increases flexibility as well, although at a lower magnitude on average relative to the structural segments of the N-terminal domain.
Structural Segments of Mutant C154G LacY. The conformationally constrained LacY mutant C154G binds ligand as well as, or better than, the WT but has minimal transport activity (37) . Whereas sugar binding is mostly entropic with WT LacY, it is enthalpic with C154G LacY (48) . Indeed, mutant C154G does not exhibit the long-range conformational changes observed on the periplasmic side upon ligand binding; it is thermostable with respect to ligand binding and aggregation (37) and is arrested in an open-outward conformation(s) in the membrane (49) (50) (51) (52) . However, the X-ray structure of conformationally restricted mutant C154G exhibits an open-inward conformation with a tightly sealed periplasmic side (13, 14) . Because this conformation is the same as that observed for WT LacY (15), the observation indicates that crystallization selects a conformer of LacY that is not representative of the structure of the mutant in the membrane. Although evidence has been presented suggesting that the defect in mutant C154G may be due to closer packing between helices V and I (53, 54) , the interactions that "stabilize" the outward-facing conformation in the mutant remain to be quantified. For this reason, we also decided to characterize mutant C154G LacY by SMFS in the absence and presence of substrate. The experimental conditions applied to quantify the interactions and properties stabilizing the mutant were identical to those applied to characterize the WT, including the unstructured polyGly extension extending the C-terminal end of mutant C154G LacY.
FD curves recorded by SMFS show 10 reproducible force peaks for C154G mutant (Fig. 6 ). As observed with the WT, the mean contour lengths of the force peaks do not depend on the presence of substrate within the experimental error. However, only 1 of the 10 force peaks of mutant C154G LacY shows a contour length different from the WT (Fig. 6) . The force peak that differs is at 292 aa (yellow peak) for mutant C154G LacY (Fig. 6A) , which is detected at 316 aa (yellow peak) for WT (Fig.  2C) . When all of the structural segments of WT and mutant are mapped to the secondary structure of LacY (SI Appendix, Fig. S8 A and B), it is evident that the WT and the C154G mutant are composed of very similar structural units except for those associated with force peaks at 316 aa (for WT LacY) and at 292 aa (for mutant C154G LacY). With WT LacY, the force peak recorded at 316 aa indicates that the N-terminal half of loop C3, helix VI, the very short loop P3, and the periplasmic half of helix V establish a structural unit S7 (Fig. 3, dark green) . The cytoplasmic end of helix V with the very short loop C2 and the cytoplasmic half of helix IV form another segment S8 (Fig. 3,  yellow) . In contrast, the shifted peak at 292 aa is represented by a different unit in mutant C154G (SI Appendix, Fig. S8 ). Helix VI together with loop P3 and the N-terminal half of loop C3 constitute structural segment S7* (dark green), and all of helix V forms stable segment S8* with loop C2 and the cytoplasmic half of helix IV (yellow).
Substrate Binding Does Not Alter the Properties of C154G LacY. To compare the kinetic, energetic, and mechanical properties of mutant LacY in the absence and the presence of substrate, DFS was conducted under identical experimental conditions as applied to WT LacY. Briefly, we recorded the FD spectra at different pulling velocities (SI Appendix, Fig. S7 ) and analyzed for each unfolding force peak the mean force, loading rate, and DFS plots (SI Appendix, Figs. S9-S11) to approximate energy landscape parameters (SI Appendix, Table S1 ). Compared with WT LacY in the unbound state, the structural segments of the C154G mutant show similar x u values with minimal deviations. Upon substrate binding, the mutant significantly increases x u for only structural segments S4 and S5 located at the C-terminal domain (Fig. 7) . The increase in x u for these two structural segments is much smaller (∼1.1-fold) compared with the increase observed for the same (∼1.9-fold) and other (up to 4.3-fold) structural segments of WT LacY in a substrate-bound state (Figs. 5 and 7) . ( Fig. 7 and SI Appendix, Table S1 ). Because lifetime is reciprocal to the transition rate, it appears that the C154G mutation kinetically stabilizes the LacY structure. The largest differences are observed for the structural segments involving helix V, which hosts the C154G mutation. In WT LacY, structural segments S7 and S8 (Fig. 5) show transition rates of 0.71 and 1.37 s −1 , whereas, in the mutant the structural segments S7* and S8* (Fig.  7) with the same secondary structure, elements show transition rates of only ∼0.05 s −1 . In the unbound state, free-energy barriers trap the structural segments of mutant C154G LacY with ΔG values ranging from 19 to 24 k B T (Fig. 7) . The differences of the free energy stabilizing the structural segments of WT LacY and mutant LacY are minor and range from ∼1 to 2 k B T. Upon substrate binding, the structural segments of the mutant C154G barely change the height of their free-energy barriers (Fig. 7) . Significant changes were observed only for structural segments S4 and S5 of the C-terminal domain. However, the free-energy changes in ΔΔG of these segments were <1 k B T, 5-to 20-fold smaller relative to the free-energy changes observed for WT LacY upon substrate binding.
In the absence of substrate, the structural segments of mutant C154G LacY show mechanical spring constants ranging from 0.78 to 2.09 N/m (Fig. 7) . The average spring constant of the C154G mutant (1.43 N/m) lies ∼25% below that determined for WT LacY (1.92 N/m). Most structural segments stabilizing the mutant do not change mechanical stiffness upon substrate binding. Only the S4 and S5 structural segments display any significant change in stiffness. These structural segments increase flexibility by the factor of ∼1.2, which is much less than the large increase in flexibility observed for WT LacY upon substrate binding, which ranges from 3-to 9.5-fold.
Discussion
Coordinated conformational transitions are fundamental to secondary transport and represent the basis for the alternating access mechanism. Binding of galactosides at the apex of the central cavity induces widespread conformational transitions, increasing the open probability of the hydrophilic cleft on the periplasmic side of the molecule, with closure of the cytoplasmic cavity in reciprocal fashion (17, 18) . Hence, the catalytic cycle of the transporter does not rely on movement of sugar-or H + -binding sites relative to the membrane. Rather, the protein essentially moves around the substrate, reciprocally exposing the binding sites to either side of the membrane [i.e., alternating access (55)]. X-ray structures of LacY, as well as other MFS transporters, give the impression that the conformational transitions occur as rigid body movements of the N-and C-terminal subdomains, but various biochemical and biophysical approaches provide converging evidence that LacY is in a highly dynamic state (56) (57) (58) and that it undergoes complex conformational changes that involve essential structural intermediates (9, 19, 59) .
LacY adopts multiple conformational states with different probabilities in discrete transport modes (48) . For example, in the ground state without substrate, LacY displays multiple intramolecular distances, which indicate conformational heterogeneity (18, 59) . Thus, in addition to static structures of individual conformational states, it is essential to investigate the energetic, kinetic, and mechanical properties of these states, the intent of this work.
SMFS Reveals 10 Structural Segments in LacY. The 12 transmembrane helices within LacY are grouped into two 6-helix domains, which are related by twofold pseudosymmetry with an axis running perpendicular to the membrane and between the two halves (13) . Further analysis reveals that the 6-helix domains themselves consist of two 3-helix bundles with an inverted topology, and it has been suggested that the conformational transitions resulting in alternating access involve conformational swaps between the 3-helix bundles (60) .
SMFS detects reproducible force peak patterns for the WT and mutant C154G LacY (Figs. 2 and 6 ) consisting of 10 structural segments (Fig. 3) . These segments consist of regions formed mostly by combinations of secondary structure elements made up of helices and loops, and the presence of substrate does not significantly alter the force peak patterns (Figs. 2 and 6 ). The diagnostic value of this observation is best summarized by the notion that substrate binding does not alter the spatial framework of the structural segments in LacY. This suggests that a mechanism involving opening and closing of isolated structural gates is unlikely with LacY, as those structural gates rely on spatially limited flexible hinge regions. Rather, changes in the position of large domains are consistent with preservation of the structural segments upon sugar binding.
Substrate Binding Drastically Changes Multiple Properties. The structural segments of WT LacY markedly change kinetic, energetic, and mechanical properties upon substrate binding. Among all structural segments in the WT, those constituting the N-terminal domain (helices I-VI) are more strongly affected than those of the C-terminal domain (helices VII-XII) (Figs. 5 and 8 ). In contrast, these parameters do not change significantly in mutant C154G upon substrate binding. In the following sections, the multiple alternations of kinetic, energetic, and mechanical properties of LacY upon sugar binding are discussed. Lifetime. The transition rate k 0 describes the tendency of a structural segment to cross the free-energy barrier at thermal equilibrium (45, 46) , whereas the reciprocal of k 0 describes the lifetime of the structural segment (lifetime = 1/k 0 ). Substrate binding to WT LacY drastically reduces the transition rate k 0 and thus increases the lifetime of every structural segment (Figs. 5 and 8) . Such a dramatic change in lifetime induced by substrate binding is not observed for other membrane proteins-including transportersstudied thus far (24, 30, 32, 35, 61) . Fast transition rates between different states are intuitively indicative of facile energy landscapes and suggest a relaxed conformational ensemble (Fig. 9A) . Table S1 . Differences between bound and unbound states are considered significant and highlighted by stars when P values approach <0.05 from the ANCOVA test (Materials and Methods). Error bars represent SDs.
The presence of substrate radically changes this property of LacY, and the molecule oscillates more slowly between the respective states (Fig. 5B) . Mechanical flexibility. The spring constant κ approximates the mechanical flexibility of structural segments. In the absence of substrate, the mechanical stiffness of the structural segments in WT and mutant C154G LacY average 1.92 and 1.43 N/m, respectively. These values lie within those measured for structural segments stabilizing a variety of other membrane proteins (24, 30, 35, 62) . Upon substrate binding the structural segments of WT LacY significantly increase flexibility (Fig. 9B) . The most drastic softening is observed for structural segments S7, S8, and S9, which increase flexibility up to ∼9.5-fold to ≤0.41 N/m (Fig.  5D) . However, structural segments S3, S4, and S5 of the C-terminal domain mechanically soften as well by a factor of ∼3, whereas S6 softens by a factor of ∼7.5. Thus, substrate binding increases the flexibility of the entire molecule with the greatest changes occurring in the N-terminal domain. Conformational space. The transition-state distance x u describes the width of the free-energy valley stabilizing a structural segment (Fig. 4) . A wider free-energy valley can host more conformational substates of a structural segment. In the apo state, the structural segments in the WT display x u values ranging from 0.25 to 0.41 nm (Fig. 5A) (Fig. 9B) .
This situation changes dramatically upon substrate binding to WT LacY. The transition-state distance x u of all structural segments increases 1.9-to 4.3-fold, except for the structural segments formed by the C terminus (S1) and transmembrane helix XII (S2) (Fig. 5A) . Substrate binding induces increases in the transition-state distance, which greatly enhances the conformational variability of the structural segments and of LacY in general (Fig. 9B) . This is consistent with results obtained by isothermal titration calorimetry (48) . Thermodynamic characterization of ligand binding to WT LacY shows that substrate binding is primarily entropic. Based on this and other results it was concluded that sugar binding increases the number of conformational states that can be occupied by WT LacY. Free energy. In apo WT LacY, the structural segments are trapped by free-energy barriers (ΔG) with heights ranging from 19 to 23 k B T (Fig. 5C) . These values are comparable to those observed for other membrane proteins. ΔG values measured for bacteriorhodopsin range from 20 to 29 k B T (62), for the human β 2 -adrenergic receptor from 17 to 21 k B T (24), for unliganded mouse opsin from 21 to 25 k B T (35), for NhaA from 22 to 30 k B T (61), and for apo SteT from 15 to 18 k B T (30). Thus, relatively normal free-energy barriers are present in apo WT LacY. Fig. 8 . Mapping the conformational, kinetic, energetic, and mechanical properties of WT and mutant C154G LacY in the absence and presence of substrate. Structural segments S1-S10 in LacY (Protein Data Bank ID code 1PV7) (13) are shown at the top row. Rows below map the transition-state distance x u , transition rate k 0 , the height of the freeenergy barrier ΔG, and the spring constant κ of the structural segments in the absence and presence of the substrate αNPG. The colored LacY backbone roughly indicates the value for each parameter as indicated by the scale bars (values taken from SI Appendix, Table S1 ). In the substrate-bound state, most structural segments stabilizing WT LacY increase conformational variability (x u ), lifetime (reciprocal of k 0 ), and free-energy barrier ΔG and decrease the mechanical spring constant κ (e.g., mechanical rigidity). The largest changes of these parameters are observed in the N-terminal domain of WT LacY. In the unbound state, mutant C154G LacY shows different properties compared with WT LacY and barely changes properties upon substrate binding.
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To transport sugar, high-energy barriers exist. Substrate binding shifts the N-terminal structural segments of LacY to a conformation flanked by high-energy barriers with values ranging from 23 to 38 k B T (Fig. 5C ). The largest free-energy increase by ΔΔG of ∼18 k B T to a final value of ∼38 k B T is observed for the structural segment S8, which contains Phe140 and Gly141, two side chains involved in a zipper-like motif that seals the cytoplasmic cavity in a sugar-bound occluded state (19) . Overall, the DFS experiments demonstrate quantitatively that structural segments S7, S8, S9, and S10 of the N-terminal domain, which are involved in substrate binding, exhibit a large increase in ΔG (Fig. 9B) .
Sequential Conformational Transition. The conformational, kinetic, energetic, and mechanical parameters determined by SMFS directly describe the structural properties of LacY changing upon substrate binding (Figs. 8 and 9 ). Strikingly, binding of sugar causes the N-terminal structural segments to assume a dynamic conformation with a broad variety of substates (increasing x u values). This dynamic conformational ensemble of substates is kinetically and energetically stabilized by an increasing lifetime (decreasing k 0 values) and free-energy barrier (increasing ΔG values). The increase in mechanical flexibility of the N-terminal segments (decreasing κ-values) might release conformational restrains in the C-terminal 6-helix bundle, allowing relaxation into the static state with opening of the periplasmic cavity. Importantly, because the occluded state involves induced fit (19) , it cannot be established without sugar binding. In other words, it is sugar binding that catalyzes the conformational transitions.
Crippled State of the C154G Mutant. As with WT LacY, the C154G mutant exhibits 10 structural segments (Fig. 6 and SI Appendix,  Fig. S8 ). The structural segments overlap with the exception of the segment involving transmembrane helix V that carries the C154G mutation. In WT LacY, two structural segments contain helix V and are detected by the force peak observed at contour length 316 aa (position 146 aa in LacY) (Figs. 2 and 3 ). In the C154G mutant, this force peak is shifted to contour length 292 aa (position 161 aa in LacY) (Fig. 6 and SI Appendix, Fig. S8) . The values of x u , k 0 , ΔG, and κ, which change dramatically upon sugar binding with WT LacY, do not display significant changes. It is indeed remarkable that this single mutation severely attenuates flexibility in LacY, apparently coinciding with the appearance of the new structural segment S8* composed of helix V, cytoplasmic loop C2, and the cytoplasmic end of helix IV.
The C154G mutation places a Gly residue in close proximity to a native Gly residue at position 24, thereby causing helices V and I to come into closer proximity where the helices cross in the middle of the membrane (13, 37, 53) . This aberrant tighter interaction between helices I and V at the point of intersection is the probable cause for inactivation of LacY because replacement of Gly24 with Cys leads to restoration of activity (53) . Moreover, cross-linking experiments demonstrate that a ligand-induced scissors-like movement between helices I and V near the point where the two helices cross is important for transport activity (54) . Because helix V contains Arg144 and Trp151, which play a direct role in sugar binding (19) , it seems reasonable to suggest that a sugar-induced conformational change(s) in helix V is then propagated through the remaining helices in LacY in a cooperative manner (63) .
The experimental results presented here show that substrate binding to mutant C154G LacY barely changes the properties of the structural segments (Figs. 7 and 8 ). This observation is in stark contrast with the marked changes observed for the WT. The only two structural segments of C154G LacY that change properties significantly upon substrate binding are S4 and S5, which are located in the C-terminal domain. Interestingly, the trend by which substrate binding modifies the properties of structural segments in the mutant is similar to that observed for WT LacY (e.g., conformational variability, kinetic, and energetic stability increase, and the spring constant decreases). However, these changes quantified for the mutant are much smaller and are often insignificant compared with those observed for WT LacY. step 7); conformational cycling of inward-facing conformations (steps 1 and 8). The red portion of the arrows indicates regeneration of the outward-facing cavity, and sugar transport is indicated by the blue portion of the arrows. All steps are reversible. The blue line in the cycle refers to a static conformational interval, and the solid magenta line refers to a dynamic conformational interval (the broken lines indicate conformational intervals inferred by symmetry). (B) Substrate-bound (PDB ID 4OAA, Right) structure of LacY colored according to the differences in given parameters relative to substrate-free LacY. The triangular color keys summarize the change in physical and mechanical properties changing upon sugar binding: transition-state distance x u , lifetime (reciprocal of k 0 ), free-energy barrier ΔG, and mechanical spring constant κ (e.g., mechanical rigidity). The largest changes in these properties are observed in the N-terminal domain of WT LacY (SI Appendix, Table S1 ).
Conclusions. X-ray or electron crystallography provides valuable insights into static structures. LacY and other MFS transporters have been crystallized in different conformations, which give the impression that symporters function via an alternating access mechanism that involves rigid body movements of the two 6-helix bundles comprising their structures (13, 63, 64) . However, biochemical and biophysical techniques uniformly provide converging evidence for a highly dynamic nature for LacY. Even in a dormant state without a galactoside, LacY populates many different conformational substates (18, 48, 59) . Thus, any given X-ray structure of LacY selects one conformer among many. Sugar transport by LacY involves large conformational changes that allow alternating access (17, 18, 65 ). An understanding of how sugar binding triggers the cascade of events resulting in dynamic alternating access remains unclear.
It has been postulated that sugar binding induces a lowering of the activation energy barrier for the transition between the inward-facing and outward-facing conformers of LacY and consequently expands the conformational space of the protein (59) . Thus, LacY is proposed to operate in a very similar fashion to an enzyme, except that the intermediate is a conformer(s) of the symporter itself rather than a transition state intermediate of the substrate. In this regard, the recently solved structure of the LacY G46W/G262W (19) with a bound lactose analog provides support for an induced-fit mechanism for sugar binding and the alternating access mechanism in LacY. Accordingly, the fully ligated substrate interacts with residues from both the N-and C-terminal domains, and it seems very likely that these interactions provide the energy to approximate the two domains to form the occluded state.
These measurements complement this picture in several ways. First, a global increase in conformational flexibility of WT LacY upon ligand binding is observed. Second, an increase in the conformational variability of each structural segment upon sugar binding is observed and quantified. Third, the largest changes in kinetic, energetic, and mechanical properties upon sugar binding occur primarily in the N-terminal helix bundle of LacY. In addition, evidence suggesting that the alternating access mechanism may involve a sequential conformational change between the N-and C-terminal domains is presented.
Materials and Methods
Materials. Oligonucleotides were synthesized by Integrated DNA Technologies, Inc. Restriction enzymes were purchased from New England Biolabs. The QuikChange II kit was purchased from Stratagene. αNPG was purchased from Sigma. Talon superflow resin was purchased from BD Clontech. Dodecyl-β-D-maltopyranoside (DDM) and n-octyl-β-D-glucoside were from Anatrace, and synthetic phospholipids (POPE and POPG) were from Avanti Polar Lipids, Inc. All other materials were of reagent grade obtained from commercial sources.
Mutant Construction, Expression, and Purification. By using the QuikChange II PCR and plasmid pT7-5/LacY or pT7-5/mutant C154G as a template, a 36-aa "polyGly" followed by an 8-aa-long His-tag extension [GSM(G 11 )EAVEEAVEEA (Gly 11 )S(His 8 )] was engineered onto the C terminus of LacY. WT LacY and mutant C154G were purified from E. coli XL1-Blue (Stratagene) transformed with pT7-5 plasmids harboring given mutant genes by using Co(II) affinity chromatography as described (53) . Protein eluted from the Co(II)-Talon column was concentrated and washed with 50 mM NaP i (pH 7.5)/0.01% DDM on an Amicon Ultra-15 concentrator with a 30K cutoff (Millipore). All protein preparations were at least 95% pure as judged by silver staining after SDS/ PAGE. Samples with protein concentrations at 5-10 mg/mL in 50 mM sodium phosphate (NaP i ) buffer (pH 7.5)/2-4% wt/wt DDM were frozen in liquid nitrogen and stored at −80°C.
Reconstitution of Purified Proteins into Proteoliposomes. Synthetic phospholipids (POPE/POPG; ratio 3:1) were used for protein reconstitution by the dilution method (38) . Briefly, purified LacY in 0.02% wt/wt DDM was mixed with phospholipids dissolved in 1.2% wt/wt octyl-β-D-glucopyranoside at a lipid-to-protein ratio of 5 (wt/wt). The mixture was kept on ice for 20 min and then quickly diluted 50 times in 50 mM NaP i (pH 7.5). The proteoliposomes were collected by centrifugation at 100,000 × g for 1 h and subjected to two cycles of freeze-thaw/sonication before use.
SMFS and DFS.
Proteoliposomes containing densely packed LacY were adsorbed for 20 min to freshly cleaved mica in SMFS buffer [50 mM potassium phosphate (KP i ), pH 7.2] in absence or presence of 1 mM αNPG. SMFS buffer was prepared with nanopure water (≥18 MOhm/cm, PURE-LAB Ultra, ELGA LabWater) and reagents from Sigma with a purity grade ≥98.5%. After adsorption to freshly cleaved mica, weakly attached membrane patches were removed by several cycles of gentle rinsing of the sample with SMFS buffer (66) . SMFS was performed at ∼25°C with an 850-nm laser-equipped AFM (NanoWizard II, JPK Instruments). Si 3 N 4 cantilevers (OMCL RC800PCA, Olympus) having a nominal spring constant of 0.05 N/m were calibrated in SMFS buffer solution using the equipartition theorem before and after each experiment (67) . To minimize errors that may occur due to uncertainties in the cantilever spring constant calibration, LacY was unfolded using at least five different cantilevers for each pulling velocity. DFS was conducted at six different velocities of cantilever retraction (500, 700, 1,000, 3,000, 4,500, 6,000 nm/s). For high-frequency data acquisition at pulling velocities >1,000 nm/s, an external 16-bit data acquisition card (NI PCI-6221, National Instruments) was used.
SMFS Data Selection.
Mechanically fully unfolded and stretched LacY (417 aa extended by a 36-aa long polyGly tail and an His 8 -tag) approaches a contour length of ∼129 nm [length per amino acid is ∼0.36 nm (68)]. To ensure that LacY was mechanically fully unfolded from the terminal end, only FD curves showing force peak patterns extending to more than 110 nm were selected for analysis (20, 21) . . S1 ). Accordingly, the FD curves recorded for polyGly WT LacY and WT LacY describe the mechanical unfolding from the C--terminal end. Note that unfolding PolyGly WT LacY detects the first unfolding force peak at a distance of ≈10-15 nm corresponding to a contour length of 47 aa (red colored WLC curve). In contrast, unfolding WT LacY without having an elongated C--terminal hardly reveals this unfolding force peak, which is masked by unspecific interactions occurring when the AFM tip and the protein membrane surface are in close proximity (<15 nm) (2, 3). Histograms show the force distribution of every unfolding force peak recorded for six different pulling velocities (500, 700, 1000, 3000, 4500, and 6000 nm/s). Colored numbers on the right side give mean contour lengths (in aa) obtained by fitting the force peak classes from contour length histograms (comp. Fig. 2) , numbers in parentheses give the amino acid position at which a stable structural segment (labeled S1--S10) starts in LacY. The bin size of all histograms is 20 pN. Dark blue lines are Gaussian fits of force distributions. The DFS data is revealed analyzing the FD curves shown in Fig. S3. Fig. S5 . Forces of unfolding force peaks recorded upon unfolding of WT LacY in the presence of substrate (αNPG). Histograms show the force distribution of every unfolding force peak recorded for six different pulling velocities (500, 700, 1000, 3000, 4500, and 6000 nm/s). Colored numbers on the right side give mean contour lengths (in aa) obtained by fitting the force peak classes from contour length histograms (comp. Fig. 2) , numbers in parentheses give the amino acid position at which a stable structural segment (labeled S1--S10) starts in LacY. The bin size of all histograms is 20 pN. Dark blue lines are Gaussian fits of force distributions. The DFS data is revealed analyzing the FD curves shown in Fig. S3 . Fig. 2) , numbers in parentheses give the amino acid position at which a stable structural segment (labeled S1--S10) starts in LacY. Each DFS plot describes the dynamic behavior of a stable structural segment in the absence (blue) and in the presence (red) of the substrate αNPG. Plotted is the mean unfolding force of each stable structural segment versus the mean loading rate. Slanted ellipses indicate one standard error of each data point. The Bell--Evans model is fitted (solid lines) to the DFS plots to obtain the unfolding energy barrier parameters (Methods; Equations 3 and 4). Dark-- and light--colored regions indicate fitting confidence intervals of one (68%) and two (95%) standard deviations, respectively. The DFS data is obtained analyzing the FD curves shown in Fig. S3 . S8 . Stable structural segments mapped to the secondary and tertiary structure model of WT and mutant C154G LacY. (A) Secondary structure model mapped with stable structural segments S1--S10. Whereas, stable structural segments S7* and S8* detected for mutant C154G are different from S7 and S8 detected for WT LacY (Fig. 3) , all other structural segments detected for mutant C154G and WT LacY are the same. Each mean contour length of a force peak class of the force peak histograms (Fig. 2) assigns the beginning of a stable structural segment (blue arrows pointing to aa). Black numbers at arrows indicate the mean contour lengths of a force peak class (in aa), numbers in square brackets indicate the aa position counted from the C--terminal end, and numbers in parentheses give the aa position from the N--terminal end. Each of these numbers assigns the end of the previous and the beginning of a new stable structural segment. To obtain their location, the length of polyGly linker and the His--tag is taken into account. If the beginning/end of a stabilizing structural segment locates on the mica--facing side of the membrane or within the membrane the thickness of the membrane is considered (4). All force peaks detected for WT and mutant C145G are the same within experimental error except for the force peak at 316 aa that is detected only in WT LacY and the force peak at 292 aa that is detected only in mutant C145G LacY (Fig. 2, 6 ). Transmembrane helices are labeled I--XII, N--terminus NT, C--terminus CT, and the unstructured C--terminal extension [GSM(G 11 )EAVEEAVEEA(G 11 )S] polyGly with the 8 His--tag His 8 polyGly. (B) Close up of the stable structural segments detected at helices IV--VI. Residue C154, which is replaced by a glycine in mutant C154G LacY, is colored black. (C) Stable structural segments mapped to the tertiary structure of LacY. The tertiary structure is viewed from two different sides. Each color represents a stable structural segment localized in (A). Colored numbers give mean contour lengths of force peak classes, numbers in parentheses give the aa position from the N--terminal end, and abbreviations name the stable structural segment. The structural segments stabilizing WT and mutant C154G LacY are the same except those detected by the two force peaks at 316 aa and 292 aa. Structural models show LacY from E. coli (PDB ID code 1PV7) in the inward--facing conformation (5). Histograms show the force distribution of every unfolding force peak recorded for six different pulling velocities (500, 700, 1000, 3000, 4500, and 6000 nm/s). Colored numbers on the right side give mean contour lengths (in aa) obtained by fitting the force peak classes from contour length histograms (comp. Fig. 6 ), numbers in parentheses give the amino acid position at which a stable structural segment (labeled S1--S10) starts in LacY. The bin size of all histograms is 20 pN. Dark blue lines are Gaussian fits of force distributions. The DFS data is revealed analyzing the FD curves shown in Fig. S7. Fig. S10 . Forces of unfolding force peaks recorded upon unfolding of mutant C154G LacY in the presence of substrate (αNPG). Histograms show the force distribution of every unfolding force peak recorded for six different pulling velocities (500, 700, 1000, 3000, 4500, and 6000 nm/s). Colored numbers on the right side give mean contour lengths (in aa) obtained by fitting the force peak classes from contour length histograms (comp. Fig. 6 ), numbers in parentheses give the amino acid position at which a stable structural segment starts in LacY. The bin size of all histograms is 20 pN. Dark blue lines are Gaussian fits of force distributions. The DFS data is obtained analyzing the FD curves shown in Fig. S7. Fig.  S11 . Substrate binding hardly modulates the interactions stabilizing the structural segments of mutant C154G LacY. Shown are DFS plots of each structural segment (labeled S1--S10) stabilizing C145G mutant LacY reconstituted into liposomes. Colored numbers in each graph give mean contour lengths (in aa) obtained by fitting the force peak classes from contour length histograms (comp. Fig. 6 ), numbers in parentheses give the amino acid position at which a stable structural segment starts in LacY. Each DFS plot describes the dynamic behavior of a stable structural segment in the absence (blue) and in the presence (red) of substrate αNPG. Plotted is the mean unfolding force of each stable structural segment versus the mean loading rate. Slanted ellipses indicate one standard error of each data point. The Bell--Evans model is fitted (solid lines) to the DFS plots to obtain the unfolding energy barrier parameters (Methods; Equations 3 and 4). Dark--and light--colored regions indicate fitting confidence intervals of one (68%) and two (95%) standard deviations, respectively. The DFS data is obtained analyzing the FD curves shown in Fig. S7 . Table  S1 . Parameters characterizing the free--energy barrier (x u , k 0 , ΔG) and spring constant (κ) of stable structural segments S1--S10 of WT LacY and mutant C154G LacY in the absence and presence of substrate (αNPG). The force peak positions give the mean contour lengths obtained by fitting force peak histograms of WT and mutant C154G LacY in the unbound state (Fig. 2C) . Exceptions are the force peaks at 316 aa and 292 aa detected for WT LacY and mutant C154G LacY, respectively. Numbers in parentheses give the amino acid position in the LacY structure at which a stable structural segment starts. Differences between bound and unbound states are considered significant and highlighted by stars when P--values approach <0.05 from Analysis of Covariance (ANCOVA) test (see Methods). Errors represent SDs. For each stable structural segment (labeled S1--S10) we also give the secondary structure elements involved (in square brackets). Whereas, stable structural segments S7* and S8* detected for mutant C154G are different from S7 and S8 detected for WT LacY, all other structural segments detected for mutant C154G and WT LacY are the same. Transmembrane helices are named H1--H12, cytoplasmic polypeptide loops C1--C5, periplasmic polypeptide loops P1--P6, N--terminus NT, and C--terminus CT. 
